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IN PYROLYZATES OF LIGNITE
AT HIGH PRESSURES AND TEMPERATURES
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Experimental pyrolysis of Eocene lignite in the presence of water was conducted in a closed
system for a heating duration of 120 min at temperatures of 400, 500, 600 and 700 oC and
pressures of 1 to 3 GPa (equivalent to burial depths of about 30 to100 km). The distribution of
terpanes in the resulting pyrolysates was analyzed in order to investigate the effects of pressure
and temperature on maturation of organic matter for this heating time at mantle depths. The
results indicate that terpanes show more mature characteristics with increasing temperature at
a given pressure. However, high pressures significantly retarded the thermal evolution of organic
matter.  Also, high pressures had a non-linear effect on maturation, resulting in anomalous
variations of maturity parameters and ratios (tricyclics / hopanes, Ts/Tm, C
31
22S / (22S+22R),
and βα-moretane / αβ-hopanes). In addition, the isomerization of hopanes at the C-22 position
did not reach typical end-point values, even at 700oC. These results are a preliminary step
towards a better understanding of organic matter maturation and oil and gas exploration in
high temperature and pressure regimes.
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INTRODUCTION
Abnormal fluid pressures are common in sedimentary
basins (e.g. Person and Garven, 1992; McTavish,
1998; Osborne and Swarbrick, 1997; Carr, 1999; Zou
and Peng, 2001; Li et al., 2004; Hao et al., 1995;
2004), and more than 180 overpressured basins are
known worldwide (Hao et al., 2004). Disequilibrium
compaction and fluid volume expansion during gas
generation are considered to be the major causes of
overpressure generation. Hunt (1990) proposed that
much of the world’s oil and gas has been generated
from source rocks with overpressured fluid
compartments, and that fluid thermal expansion and
hydrocarbon generation can result in overpressuring
within sealed compartments within a basin.
The role of overpressures in organic matter
maturation has been investigated because of its
importance in oil and gas resource assessments, and
its influence on the preservation of petroleum in deep
reservoirs. However, experimental studies of the
effects of overpressure on organic matter evolution
have given conflicting results. Thus, some studies
have shown that increasing pressures have no
detectable effects on organic-matter maturation
(Monthioux et al., 1986). Increasing pressures have
also been found to increase hydrocarbon thermal
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degradation (Braun and Burham, 1990) and to retard
the maturation of organic matter and hydrocarbon
generation significantly (Price and Wenger, 1992; Carr,
1999; Le Bayon et al., 2011).
Hydrocarbons have been found in mantle rocks
and meteorites as well as within sedimentary basins
(Deines, 2002). The organic matter in mantle rocks
has been subjected to high-pressure and temperature
(HPT) conditions. However, the origins and stability
of organic matter during high-pressure metamorphism
are poorly understood (Sephton et al., 2002).
Terpanes are found widely in rocks and soils as
well as petroleum and coals, and are more stable than
n-alkanes. This paper reports on the distribution of
terpanes produced by pyrolysis of lignite in a closed
hydrous system for a unique heating time of 120 min
at temperatures of 400, 500, 600 and 700 oC and
pressures of 1 to 3 GPa.
SAMPLES AND EXPERIMENTAL METHODS
Samples
Lignite samples were collected from Eocene coal-
bearing strata in mines in the Nanning Basin, Guangxi
Zhuang Autonomous Region, SW China. The total
organic carbon (TOC) of the samples averaged
26.32%. Microscope studies showed that lignite
typically contains about 77% huminite, 1.6% inertinite,
18% clay minerals, 2% quartz and 1.4% other
materials. The lignite samples were dried at room
temperature and pulverized with an agate mortar for
HPT experimentation.
Initial lignite samples were characterized by nC12
to nC35 n-alkanes with a bimodal distribution (main
peaks: n-C16 and n-C27), odd-even predominance
(OEP) = 2.89, pristane/phytane ratio (Pr/Ph) = 1.39,
vitrinite reflectance values, R
o
 (VR
r
) of 0.45% to
0.48% with high relative abundance of C29 steranes,
indicating that the lignite was deposited in an oxidising
environment and was mainly derived from terrigenous
higher plant material.
Experimental methods
HPT pyrolysis was conducted with a YT-3000t press,
a hexahedron anvil press (Fig. 1), in a closed system
at temperatures of 400, 500, 600 and 700 oC and
pressures of 1 and 3 GPa for 120 min. About 80% of
lignite powder and 20% (vol.) of distilled water were
placed in a copper capsule (about 0.35 ml), which
was mechanically compressed to expel free air and
to minimize the effects of oxygen and nitrogen. The
capsules were sealed by a low-temperature weld after
filling in order to prevent the samples from premature
heating. The pressure cell was loaded into the chamber
of the press and pressure was applied to the cell by
six anvils through pyrophylite as a pressure-
transmitting medium. The detailed structure of the
press and the methods of temperature and pressure
measurements were described by Du et al. (2003).
The calibrated apparatus had an accuracy of ± 0.01
GPa. The temperature of the pressure cell was
recorded electronically and calibrated with a Pt–Pt10Rh
thermocouple. The temperature reading had an error
of ± 5 oC. Pressure was loaded from outside the sealed
vessel and was automatically adjusted as it was
developed by fluids inside the vessel during heating,
simulating  HPT conditions in the upper mantle.
Extraction of the pyrolyzates, fractionation and
analysis with a gas chromatograph – mass
spectrometer (GC-MS) apparatus were performed at
the Lanzhou Institute of Geology, Chinese Academy
of Sciences. The pyrolysates were ground to 100
Fig. 1. Cross section of the pressure cell assembly. (1) copper capsule; (2) sample; (3) copper cylinder;
(4) pyrophylite as the pressure-transmitting medium; (5) heating foil; (6) alumina insulating tube; (7) the cover
of the copper cylinder.
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mesh and the powdered samples were extracted using
a Soxhlet apparatus with chloroform for 48 hr. The
extractable organic matter from the pyrolysates was
deasphalted by precipitation with n-hexane followed
by filtration. The extracts were fractionated by column
chromatography on alumina over silica gel. Saturated
hydrocarbons, aromatic hydrocarbons and non-
hydrocarbons were obtained by successively eluting
with n-hexane, toluene and chloroform/methanol
(98:2), respectively. The saturated hydrocarbons were
analyzed with an Agilent 6890N GC/5973N mass
spectrometer (GC-MS). Helium was used as the
carrier gas. Sample extracts were injected in splitless
mode at 250°C into an HP-5 column (30 m × 0.25
mm × 0.25 μm) at an initial temperature of 80oC. The
temperature was raised at 4oC/min to 290oC and held
for 30 min. The mass spectrometer was operated at
an electron energy of 70 eV with an ion source
temperature of 250oC (Wang et al., 2006).
Tricyclic terpanes, C24 tetracyclic terpane and all
hopanes were identified on the basis of mass
fragmentographic responses and relative retention
times compared with “standard” samples and the
literature. Biomarker ratios and compound
identification  used peak areas from the m/z 191
chromatograms.
RESULTS AND DISCUSSION
Characteristics of group components
A dynamic equilibrium between the products (liquid
hydrocarbons) and indissoluble organic matter was
maintained under the experimental conditions. The
content of chloroform bitumen “A” in the pyrolysates
ranged from 11.5 to 22.6 mg/g TOC (Table 1). At
1GPa, peak values were approached at 400 oC; at
3GPa, however, they were approached at 600 oC.
  These results are quite different from the results of
experiments conducted at low pressures. For example,
the yield of liquid pyrolysate of Eocene coal at
temperatures of 250-700 oC with an interval
temperature of 50 oC reached a maximum at 350 oC
and decreased by 0.3 mg/g TOC at 600 oC, and the
maximum pressure of liquid pyrolysate was less than
40 MPa (Xia et al., 1993).
The yields of saturated and aromatic  hydrocarbons
increase with increasing temperature, with the
exception of that of saturates at 700 oC, indicating
that high pressures are unfavourable for decomposing
liquid hydrocarbons into gaseous products.
The alkane distributions in the pyrolysates differed
from those in lignite (Fig. 2). Under HPT conditions,
most alkanes in the pyrolysates showed bimodal
distributions, except at 700 oC (Wang et al., 2006).
At a given pressure, the alkane distribution of the
pyrolysates shows an increased trend of right-hand
peaks and a decrease in LMW/HMW (the ratio
between low molecular weight and high molecular
weight constituents) with increasing temperature
between 400 and 500 oC (Table 1). This may have
resulted from the thermal cracking of huminite and
the decomposition of soluble organic matter (humic
acids and asphaltene) which are more easily
decomposed into short-chain alkanes at lower
temperatures. However, the alkane distributions of the
pyrolysates show an increased trend of left-hand peaks
when temperatures were higher than 600 oC, and an
increase in LMW/HMW values. At 700 oC, the alkane
distributions become unimodal, and the carbon number
of the main peak decreased. The variation of peak
forms indicates that thermal decomposition of organic
matter in the system became predominant, resulting
Table 1.   Variation in yields of chloroform bitumen “A” and other fractions in the sample (lignite) and the
experimental pyrolysates, together with the characteristcs of n-alkanes and aromatics at different
temperatures and pressures.
 “A”: content of chloroform bitumen “A”;  Sat.:  saturated hydrocarbons;  Aro.: aromatic hydrocarbons; OEP =
(nC
25
+6nC
27
+nC
29
)/(4nC
26
+4nC
28
) ; LMW/HMW: Sum of nC
12
–nC
21
 alkane relative to sum of nC
22
–nC
35
 alkanes.
P
(GPa)
“A”* Sat. Aro. OEP LMW/  HMW MPI-1
19 2.2 1.4 2.89 0.54 0.13
400 22.6 2.8 1.2 1.57 1.56 0.27
500 14.8 2.9 1.5 1.63 0.15 0.27
600 16.1 4.2 2.2 1.2 0.19 0.48
700 18.5 3.4 4.5 1.14 0.64 0.65
400 18.5 2.9 2.4 1.95 0.14 0.38
500 22 3.9 3.9 2.03 0.11 0.65
600 24 5.9 3.7 1.46 0.62 0.68
700 11.5 2.3 4.6 1.17 2.22 0.88
Aro.
Sample
1
3
T (͠)
Fractions
(mg/g TOC) Sat.
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in demethylation and breakage of chains and rings
within the organic material.
OEP values (Table 1) decrease with increasing
temperatures at a given pressure as a result of thermal
degradation. OEP values at 3 GPa are generally higher
than those at 1 GPa. Also, the methyl phenanthrene
index (MPI-1) (Sivan et al., 2008) increases with
increasing temperatures at a given pressure, and the
MPI-1 at 3 GPa is higher than that at 1 GPa (Table 1).
These results show that the maturation of organic
matter is increased with increasing temperatures at
constant pressures, but that pressure retards the
generation and maturation of hydrocarbons, especially
at relatively low temperatures in the range of 400 to
500 oC, confirming the results of Wang et al. (2006,
2007). Consistent with previous studies, the results
also suggest that the geological factors determining
the hierarchies of overpressure retardation are very
complex.
The effects of overpressure on different aspects
of organic matter maturation were examined in three
basins using multiple parameters by Hao et al. (2007).
Their observations suggest differential retardation of
organic matter maturation (that is, different organic
matter maturation reactions and different maturity
parameters have been retarded by overpressure to
different degrees in the same overpressured system),
with up to four hierarchies of overpressure
retardation. Conflicting ideas about the function of
pressure and/or overpressure in organic matter
maturation and hydrocarbon generation may reflect
the complexities of the effects of overpressure.
Fig. 2. GC-MS chromatograms of n-alkanes extracted from lignite sample (a) and from the high P-T
pyrolysates (b-i), showing the distribution patterns of acyclic alkanes in samples produced under different high
P-T conditions.  The abscissa denotes retention time(s) and the ordinate  relative intensity. Pr: pristane; Ph:
phytane; nCi and iCi: normal alkanes and iso- alkanes with carbon number i.
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Distribution and isomerization of terpanes
(i) Tricyclic terpanes
Tricylic terpanes are found in most crude oils and
source rocks, and occur as a pseudo-homologous
series ranging from C19 to C54 (de Grande et al., 1993;
Paul et al., 1999). However, tricylic terpanes are
commonly only recognized up to the C29 compounds.
The C23 member is often the dominant homologue in
crude oils derived from a marine source rock; while
the C19 and C20 members are found to be more abundant
in terrestrial-sourced oils (Peters and Moldowan,
1993).  The lignite analysed in this study is derived
from terrigenous organic matter deposited under a
weakly oxic environment (Wang et al., 2006; 2007).
Fig. 3. GC-MS chromatograms of terpanes extracted from the initial lignite (a, f), from experimental
pyrolysates at 1 GPa (b,c,d,e), and from pyrolysates at 3 GPa (g, h, i, j), showing the distribution patterns and
variations of abundances of individual terpanes under HPT conditions.
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Tricyclic terpanes ranging from C19 to C26, with peaks
at C24 and C20 for the lignite sample and the pyrolysate,
were identified on the m/z 191 mass spectra (Fig. 3).
The ratio of tricyclic terpanes to hopanes gently
increases at 400, 500 and 600 oC, and more strongly
at 700 oC at pressures of 1 and 3 GPa (Fig. 4a). This
is due to the greater thermal stability of tricyclic
terpanes relative to hopanes (Van Grass et al., 1981)
and/or the greater relative generation of tricyclics from
kerogen at high maturities (Peters and Moldowan,
1993). The tricyclic/hopanes ratio decreases with
increasing pressure from 1 to 3 GPa at ~400-500 oC
but increases at ~600-700 oC (Fig. 4a). Therefore it
seems that pressure appears to retard the thermal
maturation of organic matter at lower temperatures,
but favours the generation of tricyclics from kerogen
at higher temperatures for heating times of 120 min.
This was also demonstrated by variations of n-alkane
and aromatic parameters in pyrolyzates (Wang et al.,
2006; 2007).
(ii) Tetracyclic terpanes
C24 tetracyclic terpanes were detected in pyrolysates
at comparable or slightly higher relative intensities
compared to C26 tricyclic terpanes. The proportion
of C24 tetracyclic terpanes relative to tricyclic terpanes
may be facies dependent, and high amounts of C24
tetracyclic terpanes have been found in carbonates
(e.g. Connan et al., 1986) and terrestrial samples
(Philp and Fan, 1987).
The C24 tetracyclic terpane / C26 (S+R) tricyclic
terpane ratio in the lignite samples was 2.25,
consistent with a derivation from terrigenous higher
plant material (Fig. 4b). However, at 1 GPa, the ratio
decreased to 0.81 at 400oC and then sharply increases
to 9.15 at 700 oC (Fig. 4b). At 3 GPa, it slowly
increased from 1.44 at 400 oC to 2.00 at 500 oC,
followed by a decrease to 0.84 at 600 oC, and then an
increase to 1.80 at 700 oC (Fig. 4b).
The C24 tetracyclic terpane / C26 (S+R) tricyclic
terpane ratio decreases at ~400-500 oC and then
Fig. 4. Parameter ratios  of terpanes from the initial lignite sample and from pyrolyzates produced under
different pressure and temperature conditions. See text for details.
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increases at ~600-700 oC with increasing pressures.
Therefore, it seems reasonable to conclude that this ratio
is controlled by temperature and pressure, and not only
by the sedimentary environment.
Of particular interest was the occurrence of several
C24 tetracyclic terpanes in the studied samples. In
addition to the ubiquitous tetracyclic 17,21-secohopane
(peak D in Fig. 5b), the pyrolysate also contained
10β(H)-des-A-oleanane, 10β(H)-des-A-lupane and
10β(H)-des-A-ursane (peaks: A, B, and C in Fig. 5b,
respectively). To analyze these various compounds,
mass spectra have both an m/z 191 base peak, a
molecular ion at m/z 330 and an important M+ (-15) at
m/z 315. The isomers of tetracyclic terpane including
10β(H)-des-A-lupane, 10β(H)-des-A-ursane, C24-17,21-
secohopane and 10β(H)-des-A-oleanane show a
decreasing relative abundance in the studied samples at
700 oC and 3 GPa (Fig. 5b). These triterpanes are derived
from degradation processes acting on various
triterpenoid precursors present in higher plants during
early diagenesis (Aquino et al., 1982). Woolhouse et al.
(1992) found these triterpanes in terrestrially sourced
oils. The presence of these compounds in the
present study is thus consistent with the sources
of lignite from terrigenous higher plant material
(Wang et al., 2006).
(iii) Pentacyclic terpanes
Pentacyclic terpanes record information concerning
organic matter type, maturity level, source-rock
lithology, and migration of hydrocarbons (Seifert
et al, 1980; Blanc and Connan, 1992). The 18α(H)-
22,29,30-trisnorhopane (Ts) and 17α(H)-22,29,30-
trisnorhopane (Tm), two C27 pentacyclic
tristerpanes, are often analysed to assess the
maturity level of a source rock (Rullkotter and
Marzi, 1988; Peters and Moldowan, 1993). Tm
shows relatively lower stability than Ts during
maturation (Arfaoui et al., 2007).
At 1 GPa, the Ts/Tm ratio decreased sharply
from 0.75 to 0.08 with increasing temperatures
from 400 oC to 700 oC (Fig. 4d); and at 3 GPa, the
Ts/Tm ratio also decreased from 0.33 at 400 oC to
0.19 at 700 oC (Fig. 4d). Therefore, Tm in the
Fig. 5.  a, b.  TICs of tricyclic terpanes (m/z 191)  and tetracyclic terpanes (m/z 330);  c-e.  mass spectra of four
C
24
 tetracyclic terpanes in the studied pyrolysate samples at 700oC and 3 GPa.
a b
c
d
e
f
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pyrolysate can be attributed to the source rather than
the maturity, as indicated by the Ts/Tm ratio data (Table
2). The Ts/Tm ratio decreased at lower temperatures
(~400-500 oC) and then increased at higher
temperatures (~600-700 oC) with increasing
pressures (Fig. 4d). The results suggest that pressure
can retard the transformation of biological isomers
into geochemical isomers at relatively low
temperatures, but probably favours the transformation
at higher temperatures. This result is consistent with
the inference that overpressure retardation of organic
matter maturation only takes place under certain
conditions  (Li et al., 2004).
Isomerization ratios of 22S/(22S+22R) for
homohopanes are the most frequently used hopane-
based thermal maturity parameters (e.g. Seifert and
Moldowan, 1980; Peters and Moldowan, 1993;
Lockhart et al., 2008; Duan et al., 2008). As the
biologically produced 22R homohopanes can
gradually be transformed into a mixture of 22R and
22S αβ-diastereomers, the 22S/(22S+22R) ratio of
C31αβ- homohopanes or other homologues (C32, etc.)
can be used as a thermal maturity parameter. The
22S/(22S+22R) ratio increases from 0 to about 0.6
(0.57 – 0.62 = equilibrium) during maturation (Seifert
and Moldowan, 1978). Fig. 4c shows that the 22S/
(22S+22R) ratio of the C31 hopanes in the source
(lignite) sample is 0.13, then rises to 0.50 at 700 oC at
1 GPa. At 3 GPa, the ratio increases with increasing
maturity from 0.19 at 400 oC to 0.46 at 700 oC. Thus
at a given temperature, the 22S/(22S+22R) ratio of
C31 hopanes shows no clear trend with increasing
pressure. Based on these results, however, it can be
inferred that the 22S/(22S+22R) homohopane epimer
ratio may be controlled by other factors besides
thermal “isomerization”, such as depositional
environment. Furthermore, the epimer ratios at given
experimental temperatures vary for different types of
rock.
Reversals in the trends of the epimer ratios also
occur in natural samples. For example, Curiale and
Odermatt (1989) observed a reduction in the 22S/
(22S+22R) ratio with depth in Monterey Formation
samples from the Santa Maria Basin. Also high
pressures may affect the pyrolysis of organic matter
in a non-linear fashion, resulting in anomalous
variations of the maturation parameters.
The values of the C31 hopane 22S/(22S+22R) ratio
in our samples range from 0.46 to 0.50 at 700 oC,
which implies that isomerizations at the C-22 position
in the hopane have not attained the typical transfer
equilibrium because of the high pressures and/or the
short heating duration.
The ratio of 17β(H),21α(H)-moretanes over the
corresponding 17α(H), 21β(H)-hopane (i.e. βα-
moretane/αβ-hopane) decreases with increasing
thermal maturity. This parameter decreases from
about 0.8 at immaturity to less than 0.15 with maturity
and to a minimum of 0.05 (Rullkotter and Marzi, 1988;
Peters and Moldowan, 1993). Values of the βα-
moretane/αβ-hopane ratio for the samples analysed
are listed in Table 2 (see also Fig. 4e). Values of the
ratio for the lignite sample and for pyrolysates are
0.29 and 0.12~0.38, respectively. This indicates that
the samples are in the early stages of maturity. At 1
GPa, the ratio decreased from 0.38 to 0.15 with
increasing temperature from 400 oC to 600 oC, then
increased to 0.35 at 700 oC. At 3 GPa, the ratio
followed a similar trend, with a significant decrease
from 0.27 at 400 oC to 0.12 at 600 oC, followed by an
increase to 0.27 at 700 oC. The fact that the ratio
increased at 700oC indicates an increase of
17β(H),21α(H)-moretanes, which points to the
reduced thermal degradation of kerogen. At a given
Table 2.  Terpane parameters of the studied samples.
C
Max
: peak of tricyclics;  tri/hop: the sum of C
19
-C
26
 tricyclics / C
27
-C
34
 hopanes; C
24
TeT / C
26
TT: C
24
 tetracyclic
terpanes / C
26
 (S+R) tricyclic terpanes;  βα/αβ: the ratio of 17β(H),21α(H)-Moretane / C
30
17α(H),21β(H) –
hopane; C
31
S: C
31
 hopane 22S/(22S+22R).
P Tetracyclics
(G a) CMax tri/hop C24TeT/C26TT Ts/Tm βα/αβ C31S
C24 0.01 2.25 2.5 0.29 0.13
400 C20 0.04 0.81 0.75 0.38 0.38
500 C20 0.05 1.14 0.4 0.2 0.29
600 C20 0.04 3.35 0.1 0.27 0.24
700 C20 0.12 9.15 0.08 0.35 0.5
400 C24 0.03 1.44 0.33 0.27 0.19
500 C21 0.03 2 0.25 0.16 0.31
600 C20 0.06 0.84 0.4 0.12 0.41
700 C20 0.13 1.8 0.19 0.27 0.46
1
3
T  ( )
Tricyclics Pentacyclics
Sample
Co
P
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temperature, the ratio shows an apparent decreasing
trend with increasing pressure from 1 GPa to 3 GPa
(Fig. 4e).
These results suggest that under constant pressure,
and for a heating time of 120 min, the maturation of
organic matter was enhanced with increasing
temperature; but that pressure retarded the generation
and maturation of hydrocarbons, especially at lower
temperatures, as also demonstrated by other
parameters involving saturated and aromatic
hydrocarbons (Wang et al., 2006; 2007).
Temperature and pressure effects on the
thermal evolution of organic matter
Temperature and pressure have inter-related effects
on the maturation of organic matter and hydrocarbon
generation. Because the rate of chemical processes
involved in organic matter maturation are governed
by the first-order Arrhenius equation, geological time
should be compensated for by higher temperatures
than those occurring in natural environments. The
Arrhenius equation gives the dependence of the rate
constant (k) of a chemical reaction on the temperature
(T, oK) and activation energy, E
a
, as follows:
k = Ae-Ea/RT eq.1
where A is the pre-exponential factor and R is the
universal gas constant.
It is generally accepted that temperature and time
are critical factors in the generation of hydrocarbons
in accordance with the principles of chemical kinetics
(e.g. Hunt, 1996; Zou and Peng, 2001). This is because
an increase in temperature enables the reacting
molecule to achieve a transition state, thereby
exceeding the Ea value and forming a product
molecule. Increasing temperatures favour the
transformation of immature organic matter into oil,
at the same time inducing an increase in pressure in a
confined pyrolysis system. Consequently, the collision
probability (“A” in the Arrhenius equation) among
hydrocarbon molecules is enhanced in a high pressure
system. However, more thermal energy must be
consumed in order to overcome pressure, resulting
in the retarded maturation of organic compounds at a
given burial depth, and reducing the total yield of gas
and enhancing the yield of liquid oils. Increasing
pressure increases the activation energy; thermal
energy must be transferred from the kerogen into the
incompressible water to allow the kerogen to expand
into its activated state. The higher the pressure, the
more energy is transferred from the kerogen in this
way and the reaction is retarded (Uguna et al., 2012).
Theoretical considerations and the experimental
results presented in this study and in Carr et al. (2009)
indicate that both temperature and pressure exert
significant controls on the extent of endothermic
reactions, such as hydrocarbon generation and
maturation reactions. Increasing temperature
produces an increase in total hydrocarbon yield and
maturation, whereas increases in pressure have the
opposite effect, that is, hydrocarbon generation yields
and maturation values are lower as reaction rates are
retarded (Uguna et al., 2012).
In transition state theory, reaction rates are
controlled by the activation volume, which is the
volume difference between the activated complex and
reactant. If the activation volume is negative, then
the reaction rate constant increases with increasing
pressure. Conversely, if volume increases when the
activated complex is formed, then pressure should
slow the reaction rates.
Considerable amounts of liquid hydrocarbons with
carbon numbers up to C35 and isoprenoid
hydrocarbons with relatively low thermal stability
were found at 3 GPa and 700 oC (Wang et al., 2006);
this pressure-temperature condition exceeds the P-T
conditions in sedimentary basins where liquid
hydrocarbons are commonly found. Isomerizations
at the C-22 position in hopane did not attain the re-
arrangement equilibrium, even at 700 oC. Under
constant pressures, the maturation of organic matter
is enhanced with increasing temperature, but the
thermal evolution of organic matter is significantly
hindered by high pressure.
“Reversals” in the trends of some epimer ratios
with increasing pressure have been found in natural
samples, indicating that the influence of overpressure
on organic matter maturation is non-linear. For
example, Hao et al. (2007) observed that the overall
influence of overpressure on organic matter maturation
may differ in different basins (e.g. the Yinggehai and
Qingdongnan Basins and Dongpu Depression). At
early stages of organic matter maturation, the thermal
degradation of kerogen contributes to large volume
expansion effects (Wang et al., 2007). As a result,
early-developed overpressures may retard the thermal
degradation of kerogens (Hao et al., 2007). However,
most degradable fractions in kerogen structures are
lost at late stages of organic matter maturation (after
peak oil generation), and the further maturation of
kerogens will have lower product yields and lesser
volume expansion effects. By contrast, the cracking
of liquid hydrocarbons can enhance the effects of
volume expansion (Hao et al., 2007).  As a result,
late-developed overpressures may not retard kerogen
degradation and maturity parameters during kerogen
thermal evolution, such as Ts/Tm, C3122S/(22S+22R)
and βα-moretane / αβ-hopane. However, they may
retard the thermal cracking of liquid hydrocarbons
significantly (Wang et al., 2006). Also, water can play
an important role in the evolution of organic matter
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and in hydrocarbon generation by exchange reactions
of hydrogen and oxygen with organic matter (Landais
et al., 1994). Supercritical water (Tc = 374 oC, Pc=
22.1 MPa) with strong dissolubility (Frank and Foster,
2000; Tian et al., 2002) can reduce reaction
temperatures, and thus speed up pyrolysis reactions
involving organic compounds.
CONCLUSIONS
Considering the widespread occurrence of terpanes
and their persistence at high maturity levels,
understanding their distribution under HPT conditions
is important. Both high temperatures and high
pressures play important roles in influencing chemical
reactions undergone by organic matter during HPT
pyrolysis. The results from HPT pyrolysis of lignite
with water in a closed system under extreme
conditions are significantly different from those
indicated by previous experiments at low pressures.
The results confirm that organic matter maturity
increases with increasing temperature at a given
pressure; and that increasing pressure significantly
controls all aspects of organic matter metamorphism,
including hydrocarbon generation, maturation and
thermal destruction, especially at lower temperatures.
Moreover, high pressure affects the maturity of
organic matter  non-linearly, resulting in anomalous
variations of maturation parameters involving terpanes
(tricyclic/hopanes, Ts/Tm, C31 22S/(22S+22R), βα-
moretane / αβ-hopane). In addition, the values of the
C31 hopane 22S/(22S+22R) ratio range from 0.46 to
0.50 at 700 oC, which implies that isomerizations at
the C-22 position in the hopane has not attained the
re-arrangement equilibrium. The HPT experimental
data demonstrate that high pressure strongly
suppresses the maturation of organic matter for a
heating duration of 120 min and contributes to
preserving the terpanes signatures in the molecular
biomarkers.
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